It is crucial to solve problems and to transition from science to technology development to application and product, and in my opinion this truly emanates from having a strong manufacturing capability.
One critical point to consider as a nation is how to recreate high-value manufacturing jobs in the United States. It is extremely important; if there is no manufacturing, the R&D pursued will be without context. I really believe that in order to do world-class R&D, you must have worldclass manufacturing.
Manufacturing makes you aware of the key problems that need to be addressed, and to tackle those problems, you need an organizational structure with 'low interfacial resistance', which allows ideas to go from science to product development, and for people to move from one department or area to another.
If you look at the inventions that have created a trillion-dollar IT economy today, many of the critical building blocks were actually invented at Bell Labs.
Another special attribute was the nurturing environment. Every leader at Bell Labs took mentoring very seriously-working with junior staff, teaching them the ropes, and advising them on how to think about scientific enterprise or technology enterprise. Bell Labs offered the best technology management experience anywhere in the world, and many alumni went on to lead large R&D enterprises in industry, academia or at national labs.
Today you are chief technology officer (CTO), what does this role involve?
From my perspective, a CTO drives innovation across the enterprise and focuses on growth. It is important the CTO has the ability to translate global inflections into actionable programs for growth that are in tune with the core strengths of the company. We define our core strength as precision materials engineering (PME), the ability to manipulate materials with atomic precision.
If you look at the heart of the transistor from somewhere around the early 1970s to today, the cost has come down by 100 million times with PME. If you had an iPhone back then, it would have been worth $3 bn based on the cost of the transistor at that point. In the display sector, the cost of processing has come down by 20 times over the last 15 years. Similarly, if you are looking at solar PV, the cost has come down by about six times from 2006 to today.
How do you apply PME knowhow and competency to enable other large industries? For example, how do you go from $3.2 bn for sequencing the first genome down to $1000 to $100 in future? You need to take that inflection and bring it to the level of being able to nanofabricate devices and develop inspection technologies and data analysis algorithms. You focus on reducing the cost, and enabling and expanding the market-and that is central to what we do at Applied Materials through our expertise in precision materials engineering.
How do you navigate market events such as the boom in fracking, which has suppressed an expected rise in gas prices?
It is incredibly important for a CTO to see around the bend. To pick up on your example, energy storage for the grid was and still is a significant opportunity, but fracking is going to push out the inflection point. As a CTO you need to be able to continuously tune your R&D programmes and product development as the world around us changes. Being able to adapt is the critical thing here.
What about the materials themselves, how have major technology platforms such as silicon evolved to keep pace with rising benchmarks in performance?
Fabricating a state-of-the-art integrated circuit 20 years ago involved no more than a dozen elements of the periodic table. Today, more than 60 elements are used to get the right mobility,
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power performance, and so on. So while silicon-based electronics continues to be the workhorse, you need a much broader portfolio of elements from the periodic table to design integrated circuits to follow Moore's law for future nodes.
Silicon is also the workhorse for solar. If you went back 8-10 years ago, the global capacity for solar PV was probably around a few hundred megawatts. Today, the global capacity is about 50 GW, which highlights the scale-up that has occurred over the past 10 years. In fact, close to 25 countries have already reached grid parity for solar PV, and as you drive down the cost, there is no reason to believe that grid parity can't be reached across the globe. It might take some more time, but it is certainly going to happen.
What are the prospects for alternative platforms for solar PV or energy storage?
There is certainly an opportunity for new materials and new ideas, but those ideas and technologies have to be much more disruptive to compete with a workhorse material like silicon that has manufacturing scale, and huge numbers of people innovating on it every day for solar PV.
Pursuing science to explore the frontiers in an academic environment is beautiful and legitimate in its own right in educating the scientists and engineers of tomorrow. It generates knowledge that essentially fuels everything we are doing in the world, but when we think beyond education and invention, and think about innovation, there are many other things that need to be considered.
Looking again at solar PV-in order for an invention to have a meaningful impact, the disruption has to be huge. The cost has to be significantly lower than the leading technology today, and probably lower than the leading technology 5-10 years down the road, because it takes that long for a new technology to impact the industry.
In the battery industry, energy density has been doubling every 10-30 years depending on how you count. The electrification of vehicles and grid storage are huge opportunities, but for new materials and platforms to compete with conventional storage technologies, the price needs to come down and performance has to be superior. People are working on solid-state electrolytes, which can operate at room temperature and allow ionic tunnelling. These could significantly relieve the constraints on battery system design because they get around the issue of thermal run away. And in doing that, you are looking at a reduction in volume by somewhere up to 75%, which is significant.
What are your thoughts on new manufacturing routes such as printed electronics and 3D printing?
My personal opinion on printed electronics is that this industry is still looking for a killer application. Most likely, printed electronics is going to co-exist with silicon and related technologies. It will augment and it will be complementary, but it will not be competing with the silicon industry-the properties are very different, the cost points and functionalities are different.
For an invention to have a meaningful impact, the disruption has to be huge.
I see 3D printing as being in the early stages of development. There's a lot of innovation with respect to printing plastic parts that have utility in multiple areas, but if you are looking at metals printing, if you are looking at ceramics printing-they are in the very, very early stages. From my perspective, one of the interesting things about 3D printing is the ability to print parts and subsystems that have materials properties designed-in. 3D printing should offer the ability to make materials that cannot be made any other way, which would be exciting and could lead to systems and subsystems with unique properties. I believe in the idea of open innovation, which means having the ability to integrate our resources with the resources that are available globally. It puts us in a position to address the needs of the market cost-effectively and time-effectively with a high hit-rate. For a company like ours, which is focused on growth, it is critical to be thinking about opportunities at-large, and to creatively connect the dots in addressing problems that are facing multiple industries, that are facing humanity and can be identified through global inflections.
To do this, we have internal R&D; we collaborate with academia; we work with the thought leaders wherever they are in the world; we work with the national labs, and we invest in startups. Applied Ventures has invested in companies across the globe, and at present we have investments in the US, China, Singapore, India, Israel, and Japan. Using this model, we have worked with faculty members in academia and helped them take disruptive ideas into the marketplace.
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